We have investigated superconductive properties of nano-scale Nb wires fabricated by a simple lift-off process with magnetron sputtering. The superconductive properties of the Nb wires were remarkably improved by employing highly plasma resistant electron-beam resist ZEP520A combined with a thin Ti passivation layer. This optimized fabrication process yielded a 300-nm-wide Nb wire with the same transition temperature as that of the reference Nb film. Thereby, a highly transparent Nb/Cu junction was successfully fabricated.
T he experimental studies on nano-structured superconductors are of great importance from fundamental as well as technological viewpoints. 1, 2) In particular, characteristics such as proximity effect and charge imbalance have been extensively studied in normal metal/superconductor hybrid nanostructures.
3) So far, such structures have been based on nano-structured Al with very low operation temperatures below 1.5 K. 4, 5) However, using Nb with a higher superconducting transition temperature may enable the device operation above 1.5 K. The large superconducting gap of Nb is also an advantage for operating quantum computing devices and single electron transistors, etc. 6, 7) However, conventional lift-off processes using electron beam evaporators cannot be applied easily to refractory Nb with the melting point of $2700 K because thermal radiation from a heated Nb target causes outgassing from the organic resist, deteriorating the superconductivity. To prevent such contamination, novel procedures using nonorganic masks 8) and thermostable polymer polyethersulfone 9) have been proposed. However, these methods complicate fabrication.
Multi-angle deposition techniques with electron beam evaporators are well utilized to fabricate the superconducting junctions. 7, [9] [10] [11] This technique has the advantage of realizing clean interface and self-alignment. However, the device geometry is restricted by the undesired structures deposited during the process. Therefore, establishing a simple fabrication process for Nb nanostructures is an important issue. Here, we show a simple lift-off process for fabricating submicron Nb wires using magnetron sputtering. The influence of the reduced size of Nb wires is minimized by optimizing the process in terms of the width. A transparent Nb/Cu nanowire junction with two-step lift-off technique is also presented.
Micron and submicron wire structures with current and voltage leads, as shown in Fig. 1 , were patterned on a Si/SiO 2 substrate with a positive resist layer by means of electron beam lithography with an acceleration voltage of 75 kV. Methyl methacrylate (MMA)/poly(methyl methacrylate) (PMMA) 950 K bilayer resist and ZEP 520A monolayer resists were chosen for the present study. A Nb film 60 nm in thickness was deposited by an rf magnetron sputter method. The base pressure was 4 Â 10 À5 Pa and an Ar pressure during the deposition was 8 Â 10 À1 Pa. The deposition rate for the Nb film was 0.6 nm/s at an rf power of 200 W. Finally, a lift-off process yielded the narrow wire structure as in Fig. 1 after soaking the film in the organic solution agitated by ultrasonic vibrations. A reference Nb thin film was simultaneously deposited on the Si/SiO 2 substrate, whose transition temperature was evaluated to be 7.9 K. The reason of the transition temperature reduced from that of the bulk, i.e., 9.4 K, may be that the Nb film is sputtered on Si/SiO 2 substrate at room temperature without annealing. 12) First, a PMMA/MMA bilayer was used to fabricate Nb wires because a undercut structure can easily be formed because of higher sensitivity of the bottom MMA resist. However, the width of the fabricated wire was much wider than the designed value. This means that the narrow pattern of the top resist does not work well as an aperture because the sputtered particles' beam is not collimated due to low vacuum process. Thus, the width of the wire is decided by the bottom MMA resist pattern. Moreover, important to note is that the transition temperature is very much lowered even in micron-wide Nb wires. Figure 2 (a) shows the temperature dependence of the resistivity for the Nb wire 3 m in width, the transition temperature of which is 5.3 K, much lower than that of the reference film. The critical temperature monotonically decreases with decreasing the width and then reduces below 2.5 K for the width of 1 m. We also like to point out that the temperature range where the transition takes place is as wide as 1 K, implying that the wire is gradually transformed into the superconductive state. In order to evaluate the superconductive properties, the differential resistance for the 3-m-wide wire is measured as a function of the dc current at 3.6 K. For the measurement of the differential resistance, the ac lock-in technique, with 1 A ac excitation current for every 2 A dc current, is employed. The critical current density is found to be 1:0 Â 10 6 A/cm 2 , which is much lower than that for bulk Nb wires. 13 observed in the descending sweep, possibly due to inhomogeneous superconductivity. 14) Thus, we conclude that the Nb wires fabricated using PMMA based resist show poor superconductive properties.
ZEP520A resist was then used as an alternative resist for the Nb wire fabrication. Although ZEP520A is a monolayer resist, a undercut structure is naturally formed because of the high sensitivity, and is much shallower than that in PMMA/ MMA bilayer resist. The transition temperature for the obtained 1-m-wide Nb wire is 6 K, which is much higher than for the wire that prepared using PMMA, and is 3 K even for the wire 0.3 m in width. In this way, the quality of superconductivity is drastically improved by changing the resist from PMMA/MMA to ZEP520A. The origin of the improvement is as follows: ZEP520A is highly resistant to Ar plasma etching, and is utilized as the mask for the dry etching process. In contrast with ZEP520A, PMMA, and MMA are easily removed by the plasma. Therefore, during the sputtering, a large amount of admixtures of PMMA and MMA are co-deposited in the Nb wire. The transition temperature is thus strongly reduced since the admixtures are well known contaminators deteriorating the superconductive properties of Nb films. [9] [10] [11] Although ZEP520A resist improves the superconducting property of the Nb wire, the transition temperature for the submicron-wide Nb wire is still not high enough. We expect that this is also due to contaminators from ZEP520A. To further improve the superconductive properties, prior to the sputtering of Nb films, a thin Ti layer less than 5 nm is sputtered to passivate the resist surface. Because of the low vacuum, such Ti passivation layers should be deposited not only on top of the resist and Si substrate but also on the side edge of the resist. Thus the Ti layer blocks contaminators penetrating into Nb sputtered films. In the way, the Nb wires with less contaminators than without the passivation layer can be fabricated by a simple magnetron sputtering process.
As can be seen in Fig. 3(a) , Nb wires using this technique exhibit the high transition temperature, i.e., 7.9 K for a 1-m-wide wire same as that for a reference 2D film. However, the transition temperature for the Nb wire gradually decreases with wire width below 1 m. This reduction can be understood as follows: Figure 3(b) shows the width dependence of the deposited thickness of the Nb, which is evaluated from atomic force microscope analyses. As shown in the figure, the thickness of the Nb wire starts to decrease sharply below 1 m, which is due to a narrowed aperture formed on the ZEP resist hindering the deposition. The similar tendency is also observed in the width dependence of the transition temperature. These experimental results suggest that the decrease in the transition temperature should be due to the reduction of the deposited thickness. To confirm this assumption, the Nb wire 300 nm in width and 60 nm in thickness is fabricated. As in Fig. 4(a) , the transition temperature is as high as that of the 1 m wide wire, i.e., 7.9 K. It is thus concluded that the decrease in the transition temperature is due to not the width but the actual thickness. 15) We then measured the dc current dependence of the differential resistivity d in order to evaluate the quality of superconductivity. The current dependence of d in Fig. 4(b) is measured at 7 K. In spite of the nearby transition temperature, a single sharp transition from the superconductive to normal states is observed. This indicates the homogeneous superconductivity of the Nb wire. The critical current density is also drastically improved compared with that in the Nb wire fabricated using PMMA. Moreover, we see no resistance anomalies, meaning that the fabricated Nb wire is a defect-free homogeneous superconductor. The current density vs voltage (J-V ) characteristics is shown in Fig. 4(c) . The critical current at the descending sweep is much lower than that at the ascending sweep. Such a hysteretic J-V characteristic is often observed in a quasi-one dimensional superconductive wire. 16) Two possible mechanisms are condsidered as the origin of the hysteretic behavior. One is self heating; Joule heating in the normal state raises the sample local temperature. 17, 18) The other is a phase slipping dynamics at phase slip centers acting as under- damped systems. 13, 19) In the present case, as in Fig. 4(b) , the value of the differential resistance is the same as that of the zero-bias resistance in the normal state and stays constant after the transition from the superconductive to normal states. Moreover, the critical current in the descending sweep has a nonzero offset current. These results mean that the supercurrent exists even in the dissipative regime and suggests that the present origin is the dynamics of the phase motion. 13) Finally, a highly transparent Nb/Cu wire junction is fabricated as shown in the inset of Fig. 5 , in order to verify the applicability of the present method. The structure is produced by repeating electron beam lithography and lift-off procedures twice. First, the Nb wire is fabricated by the above sputtering process. The thickness of the Nb wire is 30 nm. Then, the Cu wire is deposited by using a Joule evaporator. Prior to the Cu deposition, the Nb surface is cleaned for 30 s by Ar-ion milling with 600 V acceleration voltage. The size of the Nb/Cu junction is 100 Â 260 nm 2 . Figure 5 shows the temperature dependence of the contact resistance. The probe configuration is shown in the inset of Fig. 5 . The value of the contact resistance is as low as that of a highly tranparent NiFe/Cu interface. 20) Therefore, we believe that the present Nb/Cu interface is also highly transparent. The resistance peak just above the transition temperature is due to the charge imbalance induced by the quasi-particle injection. The injected quasi-particles have the chemical potential different from that of the cooper pair. The quasi-particle and cooper-pair potentials respectively vary on the charge relaxation length and the coherent length.
Since the charge relaxation length is much longer than the coherent length, the Cu-Nb voltage probes can detect the difference between the nonequilibrium quasi-particle and pair electrochemical potentials. The difference decreases with the temperature as the charge relaxation length decreases with the temperature. Therefore, the resistance shows the anomaly around the transition temperature. These features strongly assure a high transparent interface. 21) In short, the simple fabrication process of the nanostructured Nb wire enabled to fabricate the superconducting devices with high temperature operation and multi-terminal normal metal/superconducting hybrid structures without using multi-angle deposition. Moreover, this technique may be able to be applied to the lift-off process of other superconductors such as Nb-based alloys and MgB 2 . 
